EMT Zeb1 E-cadherin Stat3 Breast cancer A B S T R A C T Epithelialemesenchymal transition (EMT), a critical step in the acquisition of metastatic state, is an attractive target for therapeutic interventions directed against tumor metastasis. Honokiol (HNK) is a natural phenolic compound isolated from an extract of seed cones from Magnolia grandiflora. Recent studies from our lab show that HNK impedes breast carcinogenesis. Here, we provide molecular evidence that HNK inhibits EMT in breast cancer cells resulting in significant downregulation of mesenchymal marker proteins and concurrent upregulation of epithelial markers. Experimental EMT induced by exposure to TGFb and TNFa in spontaneously immortalized nontumorigenic human mammary epithelial cells is also completely reversed by HNK as evidenced by morphological as well as molecular changes. Investigating the downstream mediator(s) that may direct EMT inhibition by HNK, we found functional interactions between HNK, Stat3, and EMT-signaling components. In vitro and in vivo analyses show that HNK inhibits Stat3 activation in breast cancer cells and tumors. Constitutive activation of Stat3 abrogates HNK-mediated activation of epithelial markers whereas inhibition of Stat3 using small molecule inhibitor, Stattic, potentiates HNK-mediated inhibition of EMT markers, invasion and migration of breast cancer cells. Mechanistically, HNK inhibits recruitment of Stat3 on mesenchymal transcription
Introduction
Breast cancer is the most frequently diagnosed cancer in women worldwide, and according to the data from the World Health Organization, it comprises 16% of all female cancers. Owing to the advances in early diagnosis, improved surgical techniques, adjuvant therapies and the advent of various targeted therapeutic approaches, mortality from breast cancer has been progressively declining over the past two decades. A major challenge currently facing the scientific community is that despite these advances, a large number of breast cancer patients present with metastatic cancer or relapse and metastasize after initial response to standard-of-care therapy. An emerging hypothesis is that epithelialemesenchymal transition (EMT) bestows metastatic potential to epithelial cancer cells enabling them to invade, migrate and subsequently disseminate to form distant metastases resulting in noncurable disease. EMT facilitates an increase in the subpopulation of CSC (cancer stem cells) and is associated with a chemoresistant phenotype in breast cancer (Creighton et al., 2010) . EMT is a multistep process involving gradual loss of cellecell adhesions and tight junctions leading to cytoskeleton reorganization and loss of apical polarity which eventually enables a cancer cell of epithelial origin to attain spindeloid morphology (Creighton et al., 2010; Dave et al., 2012) . Induction of EMT in transformed mammary epithelial cells and mouse models of breast cancer induces cells with CSC properties (Mani et al., 2008; Morel et al., 2008; Radisky and LaBarge, 2008; Santisteban et al., 2009) . Breast cancer stem cells (BCSCs) isolated from breast tumors and metastatic pleural effusion show gene expression and miRNA expression profiles similar to the cells undergoing EMT (Blick et al., 2010; Shimono et al., 2009) . Importantly, modulation of EMT-related select miRNAs and genes to revert EMT results in suppression of BCSCs (Creighton et al., 2010 (Creighton et al., , 2009 . Pharmacological inhibition of EMT can potentially lead to reversion of aggressive breast cancer cells to a more-differentiated epithelial phenotype by inducing mesenchymaleepithelial transition (MET) to prevent metastasis and diminish distant recurrence.
In recent years, bioactive components from plants used in traditional Asian medicine have shown efficacy as potential cancer preventive as well as therapeutic agents. Cones, bark, and leaves from Magnolia plant species have been successfully used in the traditional Chinese and Japanese medicine for their anti-thrombocytic, anti-inflammatory, anxiolytic, antidepressant, antioxidant, antispasmodic and antibacterial effects (Choi et al., 2012; Lin et al., 2005; Lo et al., 1994; Oh et al., 2009; Xu et al., 2008) . Medicinal benefits of Magnolia species have been attributed to a natural phenolic compound, honokiol (HNK), isolated from an extract of seed cones from Magnolia grandiflora (Fujita et al., 1973) . Previous studies from our lab have shown that HNK inhibits breast carcinogenesis in vitro and in vivo (Nagalingam et al., 2012) . Anticancer activities of HNK such as suppression of angiogenesis (Nagase et al., 2001; Shigemura et al., 2007) , migration, invasion (Hirano et al., 1994; and proliferation (Battle et al., 2005; Hibasami et al., 1998; Ishitsuka et al., 2005; Wang et al., 2004; Yang et al., 2002) have been reported in multiple cancer cell lines and tumor models (Arora et al., 2012) .
Cellular studies have provided novel insights into the mechanisms underlying anticancer effects of HNK (Battle et al., 2005; Hibasami et al., 1998; Ishitsuka et al., 2005; Wang et al., 2004; Yang et al., 2002) . For example, our own work has revealed that HNK activates tumor suppressor and upstream kinase, LKB1 leading to AMPK activation in breast cancer cells (Nagalingam et al., 2012) . Downstream effectors of HNK-mediated apoptosis involve BAX and BAD upregulation, activation of caspase 8, 9 and 3, cleavage of Mcl-1 and downregulation of XIAP (Battle et al., 2005; Ishitsuka et al., 2005) . Biological actions of HNK also involve inhibition of phosphorylation of ERK, Akt and c-Src (Fried and Arbiser, 2009 ) and inhibition of NF-kB signaling in multiple cancers (Ahn et al., 2006; Arora et al., 2011; Lee et al., 2005; Sheu et al., 2008; Tse et al., 2005) . Collectively, these studies have established HNK as a promising bioactive compound possessing anticancer effects.
Given that EMT plays an integral role in sustaining the CSCs as well as metastatic progression of breast tumors, developing more-effective, non-endocrine, non-toxic therapeutic strategies to target EMT is highly desirable. In the present study, we specifically investigated the potential of HNK to inhibit EMT, an early stage in cancer metastasis and examine the underlying molecular mechanisms. We provide strong evidence that HNK inhibits EMT in breast cancer cells modulating the mesenchymal and epithelial marker profiles. Our in vitro and in vivo analyses show that HNK inhibits Stat3 activation in breast cancer cells and tumors which plays a key role in modulating Zeb1 expression and its recruitment on E-cadherin promoter. Our studies provide evidence for a previously unrecognized cross-talk between HNK and Stat3/ Zeb1/E-cadherin axis.
2.
Materials and methods 2.1. Cell culture and reagents MCF7, MDA-MB-231, and MCF10A were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured according to supplier's instructions. Cell line authentication was done by analysis of known genetic markers or response (e.g., expression of estrogen receptor and p53 and estrogen responsiveness) . MDA-MB-231 cell line is a highly invasive "basal B" type and estrogen-independent fibroblastic human breast cancer cell line with stellate morphology. MCF7 cell line is a well-accepted representative of estrogen-receptor-positive "luminal" type breast cancer and exhibits epithelial phenotype. MCF10A is nontumorigenic and widely used as a representative normal mammary epithelial cell line. MCF10A was isolated from fibrocystic breast disease and spontaneously immortalized. For treatment, cells were seeded at a density of 1 Â 10 6 /100-mm tissue culture dish. We extract Honokiol (HNK) from seed cone of M. grandiflora according to the previously published study (Bai et al., 2003) . 
Spheroid-migration assay
MDA-MB-231 and MCF7 cells (1.5 Â 10 4 ) were seeded in 0.5% agar-coated plates and cultured on an orbital shaker (100 rpm) for 48 h in a humidified atmosphere containing 5% CO 2 at 37 C. Intact tumor spheroids were selected and transferred to six-well plates. The spheroids were treated with honokiol as indicated. After 24-72h h of incubation, spheroids were fixed with 10% buffered formalin in PBS and stained with crystal violet. The migration of cells from spheroids was observed under light microscope.
Invasion assay
For an in vitro model system for metastasis, a matrigel-invasion assay (Saxena et al., 2007a) was performed using a matrigel-invasion chamber from BD Biocoat Cellware (San Jose, CA). The slides were coded to prevent counting bias, and the number of invaded cells on representative sections of each membrane were counted under light microscope. The number of invaded cells for each experimental sample represents the average of triplicate wells.
RNA isolation, RT-PCR
Total cellular RNA was extracted using the TRIZOL Reagent kit (Life Technologies, Inc., Rockville, MD). RT-PCR was performed using specific sense and antisense PCR primers. Primer details are provided in supplemental section.
Western blotting
Whole cell lysates (Saxena et al., 2007b) was prepared by scraping MCF7 and MDA-MB-231 cells in 250 ml of ice cold modified RIPA buffer. Equal amount of lysate protein was resolved on sodium-dodecyl sulfate polyacrylamide gel, transferred to nitrocellulose membrane, and western blot analysis was performed. Immunodetection was performed using enhanced chemiluminescence (ECL system, Amersham Pharmacia Biotech Inc., Arlington Heights, IL) according to manufacturer's instructions.
Immunofluorescence and confocal imaging
Breast cancer cells (5 Â 10 5 cells/well) were plated in 4-well chamber slides (Nunc, Rochester, NY) followed by treatment with HNK as indicated and subjected to immunofluorescence analysis (Taliaferro-Smith et al., 2009 ). Fixed and immunofluorescently stained cells were imaged (20Â magnification) using a Zeiss LSM510 Meta (Zeiss) laser scanning confocal system configured to a Zeiss Axioplan 2 upright microscope with a 63XO (NA 1.4) plan-apochromat objective. All experiments were performed multiple times using independent biological replicates.
Breast tumorigenesis assay
MDA-MB-231 (5 Â 10 6 ) cells in 0.1 ml of HBSS were injected subcutaneously into the left and right gluteal region of 4e6week-old female athymic nude mice, procured from Harlan Laboratories Inc (Indianapolis, IN). Two weeks after initial implantation, animals were placed into two experimental groups. Mice were treated with intraperitoneal injections of 1) control (saline and Intralipid); 2) HNK, at 3 mg/mouse/day in 20% Intralipid (Baxter Healthcare), three times per week for the duration of the experiment. The dose and route of HNK administration was selected from our previous studies documenting in vivo efficacy (Nagalingam et al., 2012) . Tumors volume were measured using vernier calipers, and the for-
where V is the tumor volume in mm 3 , a and b are the largest and smallest diameters in mm, respectively. All animals were sacrificed after 5 weeks of treatment, tumors were collected and weighed. One part of tumor was fixed in 10% neutral-buffered formalin for further analysis by Immunohistochemistry (IHC), other parts were utilized for RNA and protein isolation for analysis using RT-PCR or western blotting. All animal studies were in accordance with the guidelines of Johns Hopkins University IACUC.
Immunohistochemical analysis
We used tumor sections to determine the effect of HNK on the expression of mesenchymal and epithelial markers as well as expression of key signaling molecules by immunohistochemistry. Immunohistochemistry was performed essentially as described by us previously for other proteins Sharma et al., 2010) . At least four nonoverlapping representative images (20Â magnification) from each tumor section from five mice of each group were captured using ImagePro software for quantitation of protein expression. Total cell lysates were isolated from tumor samples and subjected to immunoblot analysis.
Transfection
The plasmid expressing a constitutively active form of Stat3 (Stat3-CA) and wild-type Stat3 (Stat3-WT) were kind gifts from Dr. James. E. Darnell (The Rockefeller University, New York, New York) (Bromberg et al., 1999) . Cells were transfected with Stat3-CA or Stat3-WT using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufacturer's instructions and treated as indicated. Forty eight hours post-transfection, the cells were harvested and cell lysates were subjected to RT-PCR analysis, Immunoblot analysis or ChIP analysis.
Chromatin immunoprecipitation assay
ChIP analyses were performed using our published procedure (Sharma et al., 2006) . Chromatin samples were sonicated on ice three times for 10 s each (average length of sheared genomic DNA w 1e1.5 kb) followed by centrifugation for 10 min. The immunoprecipitated DNA was ethanol precipitated and resuspended in 25 ml of H 2 O. Total input samples were resuspended in 100 ml of H 2 O and diluted 1:100 before real-time quantitative PCR analysis.
Statistical analysis
All experiments were performed thrice in triplicates. Statistical analysis was performed using Microsoft Excel software. Significant differences were analyzed using student's t test and two-tailed distribution. Results were considered to be statistically significant if p < 0.05. Results were expressed as mean AE SE between triplicate experiments performed thrice.
Results

Honokiol inhibits invasion, migration potential and modulates the expression of mesenchymal and epithelial markers of EMT in breast cancer cells
Metastatic progression of tumor involves invasion of basement membrane by cancer cells and migration to distant sites to form metastatic lesions. Upon examining the effect of honokiol (HNK) on invasion potential of breast cancer cells using matrigel-invasion assay, we found that treatment with 5 mM honokiol inhibited invasion of breast cancer cells through matrigel in comparison to untreated cells ( Figure 1A) .
Figure 1 e Honokiol inhibits invasion and migration of breast cancer cells. A, MCF7 and MDA-MB-231 cells were cultured in matrigel-invasion chambers followed by treatment with 5 mM honokiol (HNK) for 24 h as indicated. C represents vehicle controls. The number of cells that invaded through the matrigel was counted in five different regions. *P < 0.005, compared with untreated controls. B, MCF7 and MDA-MB-231 cells were subjected to spheroid-migration assay. Culture media were replaced with media containing honokiol (5 mM) or vehicle control media (C). The spheroids were photographed at 24 h, 48 h and 72 h-post treatment. The results shown are representative of three independent experiments performed in triplicates.
Spheroid-migration assay was utilized to investigate if honokiol impacted migration capacity of breast cancer cells. Significant migration of MCF7 and MDA-MB-231 cells from the spheroids was observed in untreated conditions while honokiol treatment resulted in inhibition of migration ( Figure 1B ). Epithelial to mesenchymal transition (EMT) of cancer cells of epithelial origin is a crucial step that precedes the induction of motility and invasive potential during metastatic progression of malignant cells (Dave et al., 2012) . Since HNK inhibited invasion and migration of MCF7 and MDA-MB-231 cells, we aimed to examine whether HNK treatment influenced EMT in breast cancer cells. Biochemical hallmarks of EMT reversal include gain of expression of epithelial marker proteins such as E-cadherin, occludin and cytokeratin-18 with a concomitant decrease in mesenchymal marker (e.g., vimentin, fibronectin, and N-cadherin) expression (Dave et al., 2012) . Interestingly, treatment of breast cancer cells with HNK resulted in inhibition of mesenchymal markers, fibronectin and vimentin expression (Figure 2A and B) and an accompanied increase in the expression of occludin and CK-18 ( Figure 2D and E). Immunocytochemical analysis of HNK-treated breast cancer cells provided additional evidence to support HNK-mediated EMT reversal showing loss of expression of vimentin ( Figure 2C ) and gain of occludin expression ( Figure 2F ).
3.2.
Inhibition of EMT in TGFb/TNFa-treated mammary epithelial cells by honokiol Treatment with a combination of TGFb and TNFa has been shown to induce EMT in some cell types (Bates and Figure 2 e Honokiol inhibits the expression of mesenchymal genes and induces the expression of epithelial markers in breast cancer cells. A, D, MCF7 and MDA-MB-231 cells were treated with vehicle (C) or 5 mM honokiol (HNK). Total RNA was isolated and examined for the expression of fibronectin, vimentin and CK-18 using specific primers. B, E, MCF7 and MDA-MB-231 cells were treated with vehicle (C) or 5 mM honokiol (HNK). Total lysates were immunoblotted for vimentin and occludin expression levels. C, F, MCF7 and MDA-MB-231 cells were treated with vehicle (C) or 5 mM honokiol (HNK) and subjected to immunofluorescence analysis of vimentin and occludin. Sehrawat and Singh, 2011; Willis et al., 2005) . When MCF10A normal mammary epithelial cells were treated with TGFb/TNFa, morphologic changes from an epithelial-like to mesenchymal-like appearance were induced. Vehicle-treated MCF10A cells showed round, wellpacked cobblestone appearance, a characteristic of epithelial cells while TGFb/TNFa-treated MCF10A cells exhibited mesenchymal phenotype acquiring spindle-like appearance and increased intracellular separation signifying loss of intercellular adhesion ( Figure 3A) . We tested the possibility that HNK treatment is able to block TGFb/TNFa-induced EMT in MCF10A cells. As evident in Figure 3A , HNK prevented the morphologic transition from an epithelial-like to mesenchymal-like appearance caused by TGFb/TNFa treatment. HNK alone did not affect the morphology of MCF10A ( Figure 3A ). TGFb/TNFa-treated MCF10A cells showed elevated levels of mesenchymal markers (vimentin and fibronectin) and reduced levels of epithelial markers (occludin and CK-18). HNK blocked TGFb/TNFa-induced modulation of mesenchymal and epithelial markers leading to decreased expression of vimentin and fibronectin and elevated expression of occludin and CK-18 ( Figure 3B, C) . Immunofluorescence analyses showed that HNK abrogated TGFb/TNFa-induced increased expression of vimentin. HNK treatment antagonized TGFb/TNFa-mediated inhibition of epithelial marker expression leading to increased E-cadherin and occludin expression ( Figure 3D ). All these findings confirm the potential of HNK as a novel EMT inhibitor using an experimental system involving TGFb/TNFa and MCF10A cells. Morphological changes associated with EMT are shown in phase-contrast images. The presence of spindle-shaped cells, increased intercellular separation and pseudopodia were noted in TGFb D TNFa-treated cells but not in HNK-treated or TGFb D TNFa D HNK-treated cells. B, MCF10A cells were treated as in A and total lysates were immunoblotted for vimentin and occludin expression levels. Actin was used as control. C, MCF10A cells were treated as in A, total RNA was isolated and expression of fibronectin and CK-18 was analyzed. Actin was included as control. D, MCF10A cells were treated as in A, and subjected to immunofluorescence analysis of E-Cadherin, occludin and vimentin.
Mercurio
3.3.
Honokiol treatment inhibits breast tumorigenesis and modulates EMT markers in vivo
We further examined the physiological relevance of our in vitro findings by evaluating whether HNK inhibits breast carcinoma in vivo. Growth of MDA-MB-231 xenografts in female athymic nude mice was inhibited significantly by intraperitoneal HNK administration compared with the vehicletreated group (Figure 4A, B) . In our in vitro analyses, we discovered that HNK modulates the expression of various epithelial and mesenchymal markers. Tumor samples from HNK and vehicle-treated groups were used to determine the effect of HNK administration on expression of EMT markers. We observed that CK-18 expression was very low in the tumors from control mice whereas HNK administration caused upregulation of CK-18 expression in MDA-MB-231 xenografts ( Figure 4C ). Expression of mesenchymal gene markers, vimentin and fibronectin was markedly decreased in MDA-MB-231 tumors from HNK-treated group compared with vehicletreated group ( Figure 4C ).
3.4.
Abrogation of Stat3 is integral to honokiol-mediated inhibition of EMT, invasion and migration of breast cancer cells Constitutive activation of signal transducer and activator of transcription 3 (Stat3) has been reported in many malignancies, including breast cancer (Haura et al., 2005) . Stat3, a DNA-binding transcription factor, regulates cell proliferation and survival, functions as a major player in driving the growth of breast cancer stem cells (Idowu et al., 2012; Marotta et al., 2011) and has been associated with epithelialemesenchymal transition of cancer cells and malignant progression (Berclaz et al., 2001; Colomiere et al., 2009; Haura et al., 2005) . We sought to determine whether HNK modulates Stat3 phosphorylation and activation. MCF7 and MDA-MB-231 cells treated with HNK exhibited decreased phosphorylation of Stat3 at Tyr-705 whereas no change was observed in total Stat3 protein expression levels ( Figure 5A ). For in vivo evidence, we further examined tumor samples from HNK and vehicle-treated mice. As evident in Figure 5B , HNK administration caused inhibition of Stat3 phosphorylation. Immunohistochemical analyses of HNK and vehicletreated tumors also showed reduced expression of phosphorylated Stat3 in HNK-treated group ( Figure 5C ). Phosphorylation of Stat3 has been widely associated with its activation, dimerization and translocation to the nucleus. Once activated, Stat3 directly transactivates multiple genes involved in cell proliferation, and metastatic progression including cyclinD1 and b-catenin (Haura et al., 2005) . We examined the expression of cyclinD1 and b-catenin to evaluate Stat3 activity in response to HNK treatment. Immunohistochemical analyses of tumor samples from HNK-treated mice showed decreased expression of cyclinD1 and pStat3 ( Figure 5C ). Decreased expression of cyclinD1 and b-catenin in tumor samples was observed in response to HNK treatment as compared with vehicle-treated tumors ( Figure 5D and E).
To investigate whether Stat3 inhibition plays an important role in HNK-mediated EMT inhibition in breast cancer cells, we used overexpression of constitutively active Stat3 (Stat3-CA) and pharmacological inhibition of Stat3. Overexpression of Stat3-CA competed with HNK and diminished HNKmediated activation of epithelial markers (CK-18 and occludin) ( Figure 6A ). Pharmacological inhibition of Stat3 activation using a small molecule inhibitor, Stattic, potentiated HNK-mediated inhibition of mesenchymal markers ( Figure 6B) . Given the association of Stat3 with invasive phenotype, we further aimed to evaluate the contribution of Stat3 in HNK-mediated inhibition of invasion and migration potential. Breast cancer cells were treated with Stattic alone and in combination with HNK followed by matrigel-invasion and spheroid-migration assays. Results showed that co-treatment with Stattic and HNK induced greater inhibition of invasion potential of both MCF7 and MDA-MB-231 cells as compared to HNK alone ( Figure 6C ). Stattic also potentiated HNK-mediated inhibition of migration of breast cancer cells ( Figure 6D ). These findings suggest that indeed Stat3-inhibition is integral for HNK-mediated molecular changes in EMT markers and inhibition of invasion and migration of breast cancer cells.
Honokiol inhibits an important modifier of EMT, Zeb1 via de-recruitment of Stat3 on Zeb1 promoter
Overexpression of zinc finger E-box binding homeobox transcription factor 1 (Zeb1) has been linked with increased aggressiveness and higher metastatic potential in various primary human carcinomas, including breast cancer (Sanchez-Tillo et al., 2011) . A crucial mediator of EMT, Zeb1, exerts its effects on induction of EMT by regulating epithelial and mesenchymal gene expression balance (Schmalhofer et al., 2009 ). Interestingly, we found that HNK inhibited the expression of Zeb1 in breast cancer cells ( Figure 7A ). Immunofluorescence analyses showed that TGFb/TNFa treatment induced the nuclear translocation of Zeb1 in MDA-MB-231 and MCF7 cells which was effectively abrogated by HNK ( Figure 7B ). Given our results showing a critical role of Stat3-inhibition in mediating biological functions of HNK and its effect on molecular changes related to EMT markers, we reasoned that overexpression of constitutively active Stat3 might be able to Figure 5 e Evidence for honokiol-mediated inhibition of signal transducer and activator of transcription 3. A, MCF7 and MDA-MB-231 cells were treated with vehicle (C) or 5 mM honokiol (HNK). Total lysates were immunoblotted for phosphorylated Stat3 (pStat3) and total Stat3 expression levels. B, MDA-MB-231 cells derived tumors were developed in nude mice, treated with vehicle or honokiol (HNK) for five weeks. Tumors were collected at the end of five weeks and subjected to western blot analysis for phosphorylated Stat3 (pStat3) and total Stat3 expression levels. C, MDA-MB-231 cells derived tumors, treated with vehicle or honokiol (HNK) were subjected to immunohistochemical analysis using phosphorylated Stat3 and cyclinD1 antibodies. D, Tumor lysates (from three different tumors from each set) were subjected to immunoblot analysis using b-catenin and cyclinD1 antibodies. Actin antibody was used as control. E, Total RNA was isolated from three different tumors from each set were subjected to RT-PCR analysis using b-catenin and cyclinD1 primers. Actin primers were used as control.
mitigate HNK-induced Zeb1 inhibition. Indeed, overexpression of constitutively active Stat3 alleviated HNK-mediated inhibition of Zeb1 ( Figure 7C ). We utilized a small molecule inhibitor, Stattic, to inhibit Stat3 activation in MCF7 and MDA-MB-231 cells and assessed its impact on HNK-mediated Zeb1 inhibition. Pharmacological inhibition of Stat3 inhibited Zeb1 expression and increased the effectiveness of HNK-mediated inhibition of Zeb1 ( Figure 7D ). These data further indicate that Stat3 may directly participate in regulating Zeb1 expression in HNK-treated breast cancer cells. (Stat3-CA D HNK) . In another set, MCF7 cells were treated with vehicle (C) or 5 mM honokiol (HNK), transfected with wild-type Stat3 (Stat3-WT) and treated with Honokiol (Stat3-WT D HNK). Total RNA was isolated and subjected to RT-PCR analysis using Zeb1 primers. Actin was included as control. D, MCF7 and MDA-MB-231 cells were treated with vehicle (C), 10 mM Stattic, 5 mM honokiol (HNK) alone, or in combination (HNK D Stattic), total RNA was isolated and subjected to RT-PCR analysis using Zeb1 primers. Actin was included as control. E, Soluble chromatin was prepared from MCF7 cells treated with vehicle (C), 5 mM honokiol (HNK), transfected with constitutively active Stat3 (Stat3-CA) alone or in combination with honokiol (Stat3-CA D HNK), 10 mM Stattic alone or in combination (HNK D Stattic) and subjected to chromatin immunoprecipitation assay using pStat3 antibody. In another set, soluble chromatin was prepared Of particular interest, two putative Stat3-binding sites have been reported on Zeb1 promoter (Xiong et al., 2012) . ChIP analysis clearly showed that HNK treatment inhibited recruitment of Stat3 to Zeb1 gene promoter ( Figure 7E ). Cells overexpressing constitutively active Stat3 exhibited increased binding of pStat3 while Stattic treatment led to inhibition of Stat3 recruitment to Zeb1 gene promoter. We observed that overexpression of constitutively active Stat3 could compete with honokiol and provide protection against honokiol-mediated release of Stat3 binding. On the other hand, Stattic treatment potentiated HNK-mediated release of Stat3 from Zeb1 promoter ( Figure 7E ). Cells overexpressing wild-type Stat3 exhibited increased binding of pStat3 on Zeb1 promoter which could be abrogated with HNK treatment (10 and 25 mM) ( Figure 7E ). These data strongly suggest a regulatory role of Stat3 in HNK-mediated inhibition of Zeb1.
Honokiol-mediated Stat3 inhibition releases Zeb1 from E-cadherin promoter
Modulation of E-cadherin expression is a fundamental event during EMT and is accompanied with reorganization of intercellular complexes and synthesis of extracellular matrix components (fibronectin, collagen etc.) (Thiery et al., 2009) . Western blot and RT-PCR analyses of breast cancer cells treated with HNK showed that HNK treatment increased the expression of E-cadherin ( Figure 8A, B) . Additional evidence was provided with immunofluorescence analysis showing from MCF7 cells treated with vehicle (C), 10 mM and 25 mM honokiol (HNK), transfected with wild-type Stat3 (Stat3-WT) alone or in combination with honokiol (Stat3-WT D HNK-10 and Stat3-WT D HNK-25) and subjected to chromatin immunoprecipitation assay using pStat3 antibody. The purified DNA was analyzed by real-time quantitative PCR using primers spanning the Stat3-binding sites at Zeb1 promoter. Figure 8 e Honokiol increases E-cadherin expression and inhibits the recruitment of Zeb1 on E-cadherin promoter in a Stat3-dependent manner. A, MCF7 cells were treated with vehicle (C) or 5 mM honokiol (HNK). Total RNA was isolated and examined for the expression of E-cadherin using specific primers. B, MCF7 cells were treated as in A, total lysates were immunoblotted for E-cadherin expression levels. C, MCF7 cells were treated as in A and subjected to immunofluorescence analysis of E-cadherin. D, Soluble chromatin was prepared from MCF7 cells treated with vehicle (C), 5 mM honokiol (HNK), transfected with constitutively active Stat3 (Stat3-CA) alone or in combination with honokiol (Stat3-CA D HNK), 10 mM Stattic alone or in combination (HNK D Stattic) and subjected to chromatin immunoprecipitation assay using Zeb1 antibody. In another set, soluble chromatin was prepared from MCF7 cells treated with vehicle (C), 10 mM and 25 mM honokiol (HNK), transfected with wild-type Stat3 (Stat3-WT) alone or in combination with honokiol (Stat3-WT D HNK-10 and Stat3-WT D HNK-25) and subjected to chromatin immunoprecipitation assay using Zeb1 antibody. The purified DNA was analyzed by real-time quantitative PCR using primers spanning the Zeb1-binding sites at E-cadherin promoter. elevated expression of E-cadherin in HNK-treated breast cancer cells ( Figure 8C ). Promoter region (nt-520 to þ70) of E-cadherin has been reported to contain two putative Stat3binding sites and four putative Zeb1-binding sites (Xiong et al., 2012) . Zeb1 has been known to repress E-cadherin and induce EMT (Sanchez-Tillo et al., 2011) . We questioned whether Stat3 and/or Zeb1 are involved in HNK-mediated upregulation of E-cadherin expression in breast cancer cells. ChIP analysis showed that Zeb1 got recruited to E-cadherin promoter and this binding was diminished in the presence of HNK ( Figure 8D ). Overexpression of constitutively active Stat3 resulted in an increased binding of Zeb1 to E-cadherin promoter and also alleviated HNK-mediated decreased recruitment of Zeb1. Stattic treatment, on the other hand, inhibited Zeb1 recruitment on E-cadherin promoter and potentiated HNK-mediated release of Zeb1 from E-cadherin promoter in breast cancer cells ( Figure 8D ). Cells overexpressing wild-type Stat3 exhibited increased binding of Zeb1 on Ecadherin promoter which could be abrogated with HNK treatment (10 and 25 mM) ( Figure 8D ). Interestingly, ChIP analysis of chromatin samples immunoprecipitated with anti-Stat3 antibodies revealed no recruitment of Stat3 on E-cadherin promoter (data not shown). These results indicate that Stat3 does not bind directly to E-cadherin promoter but plays an important role in Zeb1 recruitment and release and hence Ecadherin regulation.
Based on our studies, we propose a model in which HNK inhibits Stat3 phosphorylation and recruitment of Stat3 on Zeb1 promoter resulting in decreased Zeb1 expression and nuclear translocation. HNK increases E-cadherin expression via Stat3mediated release of Zeb1 from E-cadherin promoter. Collectively, our study shows that HNK effectively inhibits EMT in breast cancer cells and provide evidence for the involvement of Stat3/Zeb1/E-cadherin axis.
Discussion
A compelling body of evidence has put forth that EMT, a morphogenic process normally activated during embryonal development and wound healing, is an important event during metastatic progression of cancer. Indeed, EMT is cardinal manifestation of the molecular and phenotypic changes acquired by epithelium-derived tumors switching to a mesenchymal phenotype capable of local invasion and distant metastasis. Many studies have examined the possible role of EMT in breast cancer. Overexpression of mesenchymal molecular markers of EMT in breast cancer biopsies is associated with tumor aggressiveness, adverse clinicopathological characteristics, increased recurrence, and shorter survival (Creighton et al., 2010; Tomaskovic-Crook et al., 2009) . Therefore, it is of great therapeutic interest to develop effective therapeutic strategies to target EMT in breast cancer cells to prevent malignant growth.
In the current study, we investigated the potential of honokiol (HNK) in the inhibition of EMT in breast cancer cells and elucidated the underlying molecular mechanisms. Our findings present compelling evidence that HNK effectively inhibits EMT in breast cancer cells and reverses the acquisition of mesenchymal characteristics in TGFb/TNFa-stimulated mammary epithelial cells. The key mechanism that we elucidate to account for this important novel function of HNK is that it inhibits Stat3 phosphorylation and transactivation activity. Another important finding is that HNK inhibits the expression of Zeb1, a transcription factor that plays a pivotal role in EMT. We further show that HNK-mediated inhibition of Zeb1 is achieved by blocking Stat3 recruitment on Zeb1 promoter. We also provide molecular evidence that HNK triggers release of Zeb1 from E-cadherin promoter hence releasing the Zeb1mediated repressive effect in a Stat3-dependent manner leading to increased E-cadherin expression. The significance of our in vitro results is strengthened by the fact that key components of this HNK-mediated pathway we describe are detected in breast tumors treated with HNK. Given the general association between EMT and tumor aggressiveness and the observation that biopsies from breast tumors show gene expression profiles that are associated with EMT, a desirable approach is to revert EMT and inhibit metastatic potential. Silencing of mesenchymal genes and participating transcription factors promoting EMT has been shown to revert the EMT phenotype in several experimental systems (Zhuo et al., 2008a,b) . Another approach can be the targeted inhibition of pathways such as NF-kB, which play an important role in EMT (Huber et al., 2004) . Direct targeting of E-cadherin with specific anti-adhesive antibodies has also shown positive effects for EMT reversal (Green et al., 2004) . Apart from the synthetic approaches, many recent studies have identified several bioactive molecules that demonstrate activity as EMT inhibitors, including genistein, garlic derivatives, green tea polyphenols and benzyl isothiocyanate (Belguise et al., 2007; Chu et al., 2006; Sehrawat and Singh, 2011; Zhang et al., 2008) . Although lower toxicity associated with bioactive molecules is a much desired quality, their limited bioavailability hinders further development (Bar-Sela et al., 2010) . In contrast to various other natural bioactive products, HNK exhibits a much desirable spectrum of bioavailability, as significant systemic levels of HNK can be achieved in preclinical models and it can cross bloodebrain barrier . These qualities of HNK make it a promising small-molecular weight natural agent that can inhibit EMT in cancer cells. One of the major findings of this study is that inhibition of Stat3 phosphorylation plays an integral role in mediating the effect of HNK on EMT, migration and invasion of breast cancer cells.
Stat3 is constitutively active in many types of cancer, including breast, melanoma, prostate, head and neck squamous cell carcinoma, multiple myeloma, pancreatic, ovarian and brain tumors (Buettner et al., 2002; Sinibaldi et al., 2000; Turkson, 2004; Turkson and Jove, 2000; Yu and Jove, 2004; Yue and Turkson, 2009) . Given the role of Stat3 in transformation, multiple aspects of tumor progression and metastasis including EMT, Stat3 represents an attractive target for cancer therapy. Over the past few years, various indirect and direct strategies have been used to block Stat3 activation including antisense methods, ectopic expression of dominant negative mutants, inhibition of upstream kinases and phosphotyrosyl peptides . Tyrphostin AG490 has been shown to inhibit proliferation of human acute lymphocytic leukemia, human and mouse myeloma cells (Burdelya et al., 2002; Catlett-Falcone et al., 1999; Meydan et al., 1996) . Antisense Stat3 ODN (oligodeoxynucleotide) have been developed to specifically block the expression of Stat3 mRNA in human head and neck squamous carcinoma cell lines inhibiting proliferation (Grandis et al., 1998) . A transcription factor decoy approach blocks Stat3 activation and results in decreased tumor growth (Xi et al., 2005) . Screening of a virtual database of 429,000 compounds led to the identification of many potential candidate small molecule inhibitors for Stat3 function. Functional evaluation of these candidate Stat3 inhibitors showed that STA21, a small-molecular inhibitor inhibits breast cancer cells expressing constitutively active STAT3 (Song et al., 2005) . Despite these developments, there are relatively few reports in the literature on the translational use of Stat3 inhibitors, caveats being, limited efficacy, therapy-related toxicity and off-target effects. Our study shows that bioactive molecule, honokiol, effectively inhibits phosphorylation of Stat3 as well as transactivation function of Stat3 potentially blocking all downstream effectors molecules of Stat3-network. This warrants further development of honokiol as an effective Stat3 antagonist and a therapeutic strategy ameliorating metastasis to secondary sites.
Sustained expression of E-cadherin, the core molecule of adherens junctions, is important to retain an epithelial phenotype and inhibit invasion potential of tumor cells. E-cadherin molecules connect neighboring epithelial cells using their extracellular domains and the cytoplasmic part of E-cadherin interacts with the other components of adheren junctions (Thiery et al., 2009) . The characteristic event of EMT is loss of E-cadherin. E-cadherin gene (CDH1) is commonly mutated in invasive lobular carcinoma and lack of E-cadherin expression is a characteristic feature of invasive lobular carcinoma while other types of breast cancer show variable downregulation (Prasad et al., 2009) . Infiltrating cells or the tumor cells themselves produce EMT inducers (such as TGFb and TNFa) and trigger the expression of a variety of transcriptional repressors leading to inhibition of E-cadherin. We show that MCF10A cells treated with TGFb and TNFa exhibit onset of EMT and accompanied molecular alterations include inhibition of E-cadherin expression. An important transcription factor involved in Ecadherin repression is Zeb1, encoded by TCF8 gene (Creighton et al., 2010; Schmalhofer et al., 2009 ). Analysis of multiple breast cancer cell lines revealed an inverse correlation between TCF8 and CHD1 gene transcript levels and importantly, cell lines with higher Zeb1 expression exhibited more mesenchymal characteristics (Chua et al., 2007) . We found that Zeb1 gets recruited to E-cadherin promoter in breast cancer cells which was released upon HNK treatment. These results indicate that active removal of repressive effects of Zeb1 is involved in HNK-mediated increased expression of Ecadherin. Zeb1 interacts with the regulatory regions of responsive target genes and alters the expression of various genes involved in the development of hematopoietic cells and ECM components (Schmalhofer et al., 2009) . Zeb1 expression itself is regulated by several upstream signaling pathways including TGFb, TNFa, and IGF1 in various cancer cell lines. In addition, epidermal growth factor receptor (EGFR), estrogen and progesterone mediated activation of TCF8 gene has also been reported (reviewed in Schmalhofer et al., 2009) in cancer cell metastasis. A recent report demonstrated the involvement of Stat3 in regulating Zeb1 expression in colorectal carcinoma cells (Xiong et al., 2012) . Since HNK treatment profoundly inhibits Stat3, we questioned if HNK-mediated Zeb1 inhibition involves Stat3 in breast cancer cells. Our studies found that Stat3 gets recruited to Zeb1 promoter and it correlates with Zeb1 expression in breast cancer cells. HNK treatment releases Stat3 from Zeb1 promoter leading to inhibition of Zeb1 expression. Further research can show the interplay of specific coactivator molecules orchestrated by HNK.
Conclusions
Here, we report a novel function of HNK as an inhibitor of EMT in breast cancer cells providing in vitro as well as in vivo evidence of some novel and important players of the HNK network. Based on our findings, we also present a model for HNK-mediated inhibition of EMT in breast cancer. We propose that HNK inhibits Stat3 phosphorylation and transactivation potential that causes decreased recruitment of Stat3 to Zeb1 promoter leading to reduced Zeb1 expression. In addition, Stat3 also regulates Zeb1 recruitment to E-cadherin promoter and HNK-mediated Stat3 inactivation triggers release of the repressive effects of Zeb1 on E-cadherin, altering its expression and ultimately inhibiting mesenchymal transition of breast cancer cells. Furthermore, consistent with the critical role of Stat3 in HNK-mediated EMT inhibition, alteration of Stat3 activity modulated HNK-induced morphological as well as molecular changes. Collectively, this study gives insight into the specific pathways that are required for HNKmediated EMT inhibition and put forth HNK as a rational therapeutic strategy for breast carcinoma.
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